In previous studies it has been shown that the oxygen consumption of cardiac muscle is altered in both hemorrhagic and traumatic shock. Originally, slices of muscle were taken from rats in the terminal stages of hemorrhagic shock,' and it was found that there is a depression of Qo2 in the samples from the treated animals. This was repeated,8 using hearts from animals killed at intervals after treatment (bleeding or the release of tourniquets applied to the hind legs). It was discovered that at first there is an elevated oxygen consumption followed by a significant decrease below normal levels about the fourth hour. Later there is a secondary rise in Qo2. These relative changes occur both with and without the addition of sodium pyruvate substrate, although the oxygen uptake is higher when pyruvate is present.
In previous studies it has been shown that the oxygen consumption of cardiac muscle is altered in both hemorrhagic and traumatic shock. Originally, slices of muscle were taken from rats in the terminal stages of hemorrhagic shock,' and it was found that there is a depression of Qo2 in the samples from the treated animals. This was repeated,8 using hearts from animals killed at intervals after treatment (bleeding or the release of tourniquets applied to the hind legs). It was discovered that at first there is an elevated oxygen consumption followed by a significant decrease below normal levels about the fourth hour. Later there is a secondary rise in Qo2. These relative changes occur both with and without the addition of sodium pyruvate substrate, although the oxygen uptake is higher when pyruvate is present.
The present report outlines the results obtained in experiments continuing the study of changes occurring in cardiac muscle in animals following hemorrhage and the release of constrictors. Determinations of glycogen, lactic acid, and pyruvic acid content of cardiac muscle have been made before and after treatment. It has also been possible to determine the respiratory quotient for the tissue. It is well known that serum potassium levels are quite high in the later phases of shock, and because of the importance of this ion in the metabolism of cardiac tissue, there is the possibility that an increased concentration of potassium might be responsible, at least in part, for the alterations in the metabolism of the muscle shown to be present. In order to test this, potassium was reduced in the saline solution in Warburg vessels and oxygen consumption was determined. The effect of sodium iodoacetate on oxygen consumption of control and experimental groups was also tested. Methodst
Shock was induced by the application of rubber bands to the hind legs followed by release,'9 and also by bleeding from the tail vein over a period of one hour by the method of Sayers, Sayers, and Long.3' The latter method was used in only a few determinations. Rats used were fasted for 24 hours but allowed free access to water. The heart was quickly removed, slices cut 0.5 mm. in thickness, and vessels containing the tissue kept on ice. Oxygen consumption of the slices was determined at 37.5°C. by the direct method of Warburg with gas phase of 100% oxygen. Substrates were added at zero time from the side arm. The respective final concentrations in separate experiments were as follows: 0.02 M sodium pyruvate, 1.0 mM glucose, 0.02 M sodium lactate, 0.02 M and 0.002 M beta-hydroxybutyric acid, and 0.25 mm sodium iodoacetate. The saline medium used was Krebs-Henseleit solution buffered with phosphate containing 2.5 mEq. of calcium per liter. The concentration of potassium was reduced from 5.0 mm to 0.4 mm in testing the effect of reduced potassium concentration on the oxygen consumption of cardiac muscle from shocked rats. Bicarbonate buffer was substituted for the measurements of respiratory quotient and glycolysis. The second method of Dickens and Simer' was utilized for determining respiratory quotient and glycolysis, using modified Dixon-Keilin vessels. Glycogen was determined in the manner reported by Good, Kramer, and Somogyi,17 lactic acid as reported by Barker and Summerson,' and pyruvic acid by the method of Friedemann and Haugen.'
Results
An average of 1.78 ml. of blood per 100 square cm. surface area was removed from the animals which were bled. Most of the animals studied were treated by application of rubber bands to the hind limbs with release subsequently, and this proved to be a more satisfactory method of producing shock than hemorrhage. None of the rats was anesthetized. In previous work' it was found that both of these methods of inducing shock are sufficiently effective to result in elevation of amino acid nitrogen levels in the serum.
When the concentration of potassium is lowered in the medium it is evident that early in shock the oxygen consumption is raised, subsequently it falls below normal levels, and later there is a secondary rise presumably with recovery (Table 1) , although not all of the differences are significant. When the potassium is reduced in the medium, in slices respiring at a lowered rate (four hours after release of a tourniquet which had been in place five hours), the average Qo2 is lowered for every time interval, although the difference is of questionable significance. The mean values for oxygen uptake in Table 1 are not uniformly elevated nor depressed in the presence of reduced concentration of potassium. The average glycogen content, expressed as mg. glucose per 100 g. of tissue, decreased from 450±21 mg. to 338±+50 mg. two hours following hemorrhage and to 3954±47 mg. three hours after bleeding ( Table 2) . A corresponding diminution in glycogen content occurred in the gastrocnemius. The reliability of this trend is limited by the extreme variability in the values obtained in the different specimens. This decrease in glycogen content is sign,ificant and more convincing for cardiac muscle obtained from animals treated by application of tourniquets and subsequent release. Four hours after release of constrictors applied for three hours the glycogen content was 182±18 mg. in contrast to average control values of 362±12 mg. When tourniquets were applied for five hours there was little change at the end of two hours at which time the average glycogen content was 329±32 mg., but four hours after release, average glycogen values were 178±22 mg.
The average level of pyruvic acid (expressed as mg. per g. of tissue) in cardiac muscle from control animals was 0.017±.001 mg. (Table 3 ). Four hours after release of constrictors it was 0.028±4.003 mg. in those applied for three hours and 0.038±+.003 mg. in those applied five hours. In the group with rubber bands applied five hours there was 0.030+.003 mg. of pyruvic acid per mg. of muscle two hours after release. The average lactic acid content was found to be 0.075+.004 mg. per gm. of tissue from those animals not treated and 0.137+.018 mg. from those treated by application of constrictors three hours and killed four hours after release (Table 3 ). This elevation in average lactic acid content is less evident in those animals treated by application of the tourniquet for five hours and sacrificed two and four hours after release of the constrictors respectively. These average values are 0.069±.006 mg. and 0.088+.014 mg. respectively, and the difference between them and control values is not significant. The presence of 0.25 mm sodium iodoacetate in the medium is associated with a diminution in oxygen consumption of slices of cardiac muscle both from control and treated animals ( Table 4 ). There is no significant difference between the average Qo2 determinations for control and treated groups in the absence of iodoacetate. There is a significant difference between the control and treated groups with added iodoacetate in half of the six intervals recorded in the Table 4 . However, for two of the intervals (the threeand five-hour application of constrictors during the 90-minute interval), the oxygen consumption is higher than the control, whereas it is lower for the remaining interval (the five-hour group during the 30-minute interval).
The mean respiratory quotient was found to be 0.76 for the slices from rats without treatment and 0.71 for the tissue from treated rats ( Table 5 ). The amount of glycolysis calculated from the same data was found to be 15.7 (expressed as XG) in the control group and 24.8 in the treated group. The results of preliminary work on the effect of adding glucose, sodium lactate, and beta-hydroxybutyric acid are also presented in Table 5 . Discussion There is some evidence that the state of the myocardium is a factor in determining the outcome of the shocked state. It is more difficult to assign a time at which significant alterations occur, but it is probably late. Previous work' on oxygen consumption of cardiac muscle from animals in shock has already been mentioned. Wiggers and Werle'S have reported that the response of the ventricles to any given venous pressure is impaired in hemorrhagic shock in dogs and feel that this is one of the precipitating causes of irreversible shock, although it may not be evident when the venous pressure is declining concurrently. Kohlstaedt and Page' noted that progressive increase in size of the canine heart following a sharp increase in venous pressure as a result of prolonged hypotension was an invariable omen of the terminal, irreversible phase of hemorrhagic shock. The size of the heart is smaller earlier in shock.' Furchgott and Shorr5 found a lower rate of turnover of high-energy phosphate compounds in slices of cardiac muscle from animals in shock. The studies of LePage"6' indicate that the heart shows signs of stress in shock but possesses energy reservoirs in excess of brain, kidney, and liver. Certainly the metabolic changes in the heart cannot be considered apart from those in other tissues.
The resistance of the heart to depletion of stored energy depends in general on capacity for anaerobic glycolysis, reserves of phosphate-bond energy, and impairment of circulation and oxygen supply.' It is reasonable to suspect that anoxia may account for much of the effect of shock on the myocardium. The cardiac output, stroke volume, and the coronary flow are diminished in hemorrhagic shock. It has been pointed out by Eckenhoff and coworkers' that rate of oxygen consumption by cardiac muscle is dependent on coronary flow, which in turn depends on blood pressure. Fuhrman, et al.,' found that oxygen consumption of cardiac muscle was reduced 35%o in rats exposed to progressively decreasing atmospheric pressures until death occurred. It has been shown by Clark and associates' that the frog's heart can maintain activity under anaerobic conditions by glycolysis, which is limited by the supply of carbohydrate and alkalinity of the perfusion fluid. However, the mammalian heart is more restricted in its ability to function anaerobically.
With anoxemia such as that produced by Himwich, Goldfarb, and Nahum" by ligating the coronary vessels, glycogen is lost from the infarcted areas. Diminution of cardiac glycogen was demonstrated in shock by LePage.' Goranson, Hamilton, and Haist" have shown that there is also a reduction in glycogen concentration in uninjured skeletal muscle from rats shocked by a clamping technique. This was not prevented by administration of insulin, and they suggest this may be initiated by poor oxygen supply to these tissues. In this study there was decreased glycogen content in both hemorrhagic and traumatic shock (Table 2 ), but the results in the former are equivocal for both cardiac and skeletal muscle. At the end of four hours following release of tourniquets there is a significant decrease in the amount of glycogen in cardiac muscle (Table 3 ). This change occurs at the time there is a fall in oxygen consumption of this tissue,' and it may be associated with anoxia.
Cardiac muscle utilizes lactic acid,"' and in certain circumstances such as those found in the failing heart-lung preparation, diabetes, and the heart poisoned with iodoacetic acid in the presence of oxygen, lactic acid is utilized even though the ability to utilize glucose is limited or absent. With anoxemia, lactic acid is no longer removed from the blood, but is produced and added to the circulation.5 When the glycogen stores are exhausted, the production of lactic acid ceases. In the present studies the lactic acid content of the muscle is significantly higher in one of the treated groups (Table 3) , and this change may possibly be due to a diminishing supply of oxygen.
Similar change in the lactic acid content in shock has been reported by LePage. "
Pyruvic acid is significantly elevated in hearts from animals in shock (Table 3 ). This accumulation of pyruvic acid may mean that the degree of anoxia present in shock interferes with the breakdown of carbohydrate through the tricarboxylic acid cycle. It should be remembered that addition of pyruvate results in an elevation of depressed Qo2 of slices from animals in shock although not to the extent of those -with available pyruvate in control experiments.8" In shock, levels of pyruvate and lactate are also elevated in the blood with relatively greater increase in lactate9' in the later stages.
Although glucose is believed to be the source of cardiac glycogen, glucose absorption by the functioning heart has been reported as minimal or absent by some investigators.7'7 However, the synthesis of glycogen by rat cardiac muscle slices was logarithmically related to glucose concentration in experiments by Stadie, Haugaard, and Perlmutter.' Addition of glucose to slices from both control and shocked animals is associated with increased glycolysis (Table 5 ). The R.Q. is elevated after addition of glucose only in the shocked group. On the other hand, lactic acid is associated with a higher R.Q. in the untreated group only. There is some indication, therefore, that the utilization of glucose is increased and that of lactic acid is decreased in shock.
The mammalian heart is capable of non-carbohydrate metabolism as well as almost pure carbohydrate metabolism.8'X' This is evident from determinations of R.Q. in isolated preparations and catheterization studies, studies on oxidation of fatty acids in vitro, survival of the muscle for some time without carbohydrate, and calculation of oxygen required for oxidation of lactic acid and glucose. The low R.Q. values in Table 5 suggest that material other than, or in addition to, carbohydrate is being utilized by the slices in saline medium. There is no significant difference between the R.Q. of the muscle from rats in shock and those without treatment. Glycolysis is higher for samples from the treated group, but the figures are of marginal significance. Addition of beta-hydroxybutyric acid did not lower R.Q. in either of the two concentrations used. Conclusions based on R.Q. values, particularly those where the number of determinations is small, are viewed with some reservation and are considered preliminary in nature.
It is evident in Table 4 that sodium iodoacetate has caused a decrease in average Qo2 of slices from rats in shock as well as those without treatment. The oxygen consumption is quite low in the muscle which has not been poisoned with iodoacetate, and the difference in oxygen consumption between samples from treated and control groups which previously has been demonstrated is not evident in these data. It is clear, however, that the systems affected by the iodoacetate are still functioning at least partially in shock.
The toxic effect of high concentrations of potassium on the heart' is well known. Hemorrhagic and traumatic shock may be associated with an increase in potassium concentration in the blood,' which is probably most consistently a terminal event. In advanced circulatory failure due to hemorrhage and trauma, Davis9 found that smaller amounts of potassium were required to produce the toxic effects of this ion and that death was hastened by the increase in potassium concentration. Asphyxia may also result in elevated blood potassium levels,'0 perhaps largely mediated through the liberation of epinephrine and release of potassium from the liver," although Fenn' has reported that asphyxia can cause loss of potassium from various tissues besides the liver. In contrast to the findings in asphyxia, McQuarrie and associates's found lower levels of potassium in dogs breathing an atmosphere with reduced oxygen tension for several hours. Omission of potassium alone from the medium caused no change in the respiration of slices of cardiac muscle in the experiments of Bernheim and Bernheim,' but decreased concentrations of the ion resulted in a lowered initial rate of respiration in the studies of Webb, Saunders, and Thienes.8"
There is no consistent effect of reducing the potassium concentration on oxygen consumption of the slices when both experimental and control data are examined (Table 1) . Treatment resulted in diminished Qo2 in only one group (four hours after release of constrictors applied five hours). When the Qo2' values for samples from this group were measured in a medium with reduced potassium, still lower oxygen consumption was found. If the lower Qo2 in shock were due to a high level of potassium,, the Qo2 should have been elevated in the presence of a medium with reduced potassium, which is not the case. It therefore appears unlikely that the effect of shock on oxygen consumption of cardiac muscle is due to elevated levels of potassium in the blood.
It is apparent from these comments that there are certain changes in the metabolism of cardiac muscle in the shocked state. An increase in oxygen consumption and pyruvic acid content may occur early, and later there is a decrease in glycogen stores and Qo2 and an increase in lactic acid content. Oxygen consumption may still be inhibited by iodoacetate, and depressed Qo2 may be elevated by addition of pyruvate. Determinations of R.Q. indicate that other material as well as carbohydrate may be utilized in shock. The changes found could be explained by the effects of reduced oxygen supply on the muscle. However, some caution should be exercised in reaching the conclusion that anoxia is entirely responsible for the effects of shock on the heart, since it is known that the effects of anoxia differ from those of shock on pulse, arterial and venous pressure, cardiac output, etc.9
Undoubtedly shock may affect the metabolism of cardiac muscle profoundly, particularly in the later stages, but as a tissue it is not so greatly affected in many respects as the tissue of certain other organs.' ment of its function as the central organ for maintaining the circulation minimizes the importance of these differences is not clear at the present time, and the feasibility of improving the entire circulatory picture by correcting defects produced by shock is a subject for continued study. Conclusions 1. The glycogen content of cardiac muscle from fasted rats was decreased in traumatic shock.
2. The pyruvic acid content and, at times, the lactic acid content of this tissue were increased in traumatic shock.
3. Reducing the potassium concentration in the medium to offset the elevation in serum potassium levels late in shock did not abolish the effect of shock on the Qo2 of muscle slices.
4. Sodium iodoacetate depressed the oxygen consumption of cardiac tissue from animals in shock.
5. The average R.Q. of cardiac muscle slices respiring in saline medium was 0.76 for animals without treatment and 0.71 for animals in shock.
